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Introduction

Abstract

Aims: The Cepheid GeneXpert® is a four-site, automated sample preparation
and real-time PCR detection system. In this study, the capability of the GeneX-
pert® to isolate and detect nucleic acid from Bacillus anthracis Ames spores
was assessed.

Methods and Results: A four-plex, dried-down bead cartridge containing PCR
reagents specific for the pXO1 and pXO2 plasmids as well as sample processing
and inhibition controls was evaluated. For B. anthracis Ames spores harbouring
pXO1 and pXO2, samples containing 68 CFU per ml (148 spores per ml) were
positive in all four replicates. A limited cross-reactivity panel, which included
closely related Bacillus species, was also tested to determine the specificity of
the pXO1 and pXO2 assays. No cross-reactivity occurred. Further, B. anthracis
Sterne spore samples were analysed to compare results when processed using
the GeneXpert® to those run directly on the Cepheid SmartCycler® without
sample processing. The GeneXpert® detection capability was three logs lower
than the SmartCycler® indicating the benefit of incorporating a nucleic acid
extraction procedure.

Conclusions: This study demonstrates that the GeneXpert® is a rapid and reli-
able system for simultaneously detecting the B. anthracis virulence plasmids
pXO1 and pXO2.

Significance and Impact of the Study: The GeneXpert® is the only platform
currently available that is capable of both nucleic acid purification and real-time
PCR detection enclosed within a single system. Further, all sample manipulations
are automated, thus reducing errors associated with manual processing.

post-PCR manipulations, such as gel electrophoresis, are
not required (Belgrader et al. 1999).

Advances in molecular biology have led to the use of
PCR as a sensitive and specific method to detect and
monitor micro-organisms in environmental samples. Suc-
cessful detection of difficult-to-lyse organisms, including
spores, requires efficient extraction of nucleic acid from
the specimen as well as the removal of PCR inhibitors
that may be present (Wilson 1997; de Kok et al. 1998;
Kuske et al. 1998; Smith et al. 2003; Coyne et al. 2004).
Real-time PCR provides an additional benefit, in which

Traditionally, manual nucleic acid extraction methods
have been used to obtain purified DNA or RNA for PCR
analysis. With regard to those protocols, numerous disad-
vantages arise, including labour-intensive procedures, the
necessity for specially trained staff, technician-dependent
variability in the efficiency of extraction and cross-con-
tamination because of manipulations required during
processing (Kessler et al. 2001; Fiebelkorn et al. 2002;
Germer et al. 2003; Knepp ef al. 2003). In addition,

© 2006 The Society for Applied Microbiology, Journal of Applied Microbiology 100 (2006) 1011-1016

No claim to original US Government works

1011



Form Approved

Report Documentation Page OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number.

1. REPORT DATE 2. REPORT TYPE 3. DATES COVERED
1 MAY 2006 N/A -
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Evaluation of the Cepheid GeneXpert® system for detecting Bacillus
anthracis, Journal of Applied Microbiology 100:1011-1016

5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER

Ulrich, MP Christensen, DR Coyne, SR Craw, PD Henchal, EA Sakai, SH 5o TASK NUMBER

Swenson, D Tholath, J Tsai, J Weir, AF Norwood, DA
5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
United States Army Medical Resear ch Ingtitute of Infectious Diseases, REPORT NUMBER

Fort Detrick, MD RPP-04-364

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’'S ACRONYM(S)

11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT
Approved for public release, distribution unlimited

13. SUPPLEMENTARY NOTES

14. ABSTRACT

Abstract Aims: The Cepheid GeneXpert(R) isafour-site, automated sample preparation and real-time
PCR detection system. In this study, the capability of the GeneXpert(R) to isolate and detect nucleic acid
from Bacillus anthracis Ames spores was assessed. M ethods and Results: A four-plex, dried-down bead
cartridge containing PCR reagents specific for the pXO1 and pXO2 plasmids as well as sample processing
and inhibition controlswas evaluated. For B. anthracis Ames spores harbouring pXO1 and pXO2, samples
containing 68 CFU per ml (148 spores per ml) were positivein all four replicates. A limited cross-reactivity
panel, which included closely related Bacillus species, was also tested to deter mine the specificity of the
pXO1and pXO2 assays. No cross-reactivity occurred. Further, B. anthracis Sterne spore sampleswere
analysed to compar e results when processed using the GeneXpert(R) to those run directly on the Cepheid
SmartCycler (R) without sample processing. The GeneXpert(R) detection capability was threelogs lower
than the SmartCycler (R) indicating the benefit of incor porating a nucleic acid extraction procedure.
Conclusions: This study demonstratesthat the GeneXpert(R) isarapid and reliable system for
simultaneously detecting the B. anthracis virulence plasmids pXO1 and pXO2. Significance and I mpact of
the Study: The GeneXpert(R) isthe only platform currently available that is capable of both nucleic acid
purification and real-time PCR detection enclosed within a single system. Further, all sample
manipulations ar e automated, thusreducing errors associated with manual processing.plasmids pX01 and
pX02.

15. SUBJECT TERMS
methods, PCR, Cepheid GeneXpert, automation, Bacillus anthracis, detection, pX01, pX02




16. SECURITY CLASSIFICATION OF:

a. REPORT
unclassified

b. ABSTRACT
unclassified

c. THISPAGE
unclassified

17. LIMITATION OF
ABSTRACT

SAR

18. NUMBER
OF PAGES

6

19a. NAME OF
RESPONSIBLE PERSON

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std Z39-18



Automated biological agent diagnostics

discrepancies in real-time PCR (false positives vs false
negatives) are often caused by extraction procedures (Lo-
effler et al. 2000; Kessler et al. 2001). Consequently, using
an automated system capable of both nucleic acid prepar-
ation as well as real-time PCR detection should reduce
manual input and the risk of human error.

Requirements for an adequate automated system
include high sensitivity, versatility with sample matrices
(i.e. environmental samples, swabs, whole blood), min-
imal technical knowledge, low maintenance and contain-
ment of pathogenic micro-organisms to reduce the risk of
exposure (Petersen and McMillan 2002). In addition,
physical disruption of the organism, especially difficult
for gram-positive bacterial spores, is preferred because
many lysis reagents inhibit PCR, resulting in the need for
additional wash steps (Belgrader et al. 2000). For optimal
results, an entirely automated system would include a
mechanical disruption method and the ability to transfer
fluids required for each PCR preprocessing step without
human intervention (Belgrader et al. 2000).

The Cepheid GeneXpert® is a four-site, self-contained
device integrating automated sample processing and real-
time PCR detection of infectious agents. All steps
required for identifying bacterial and viral threat agents
in various biological specimens, including sample prepar-
ation, amplification and detection, are combined within a
single instrument that provides results in approx. 30—
40 min. The time required for sample processing is
approx. 5 min with the remaining time used for real-time
PCR detection. The GeneXpert® is designed to utilize
self-contained sample-preparation cartridges that elimin-
ate complex manual procedures as well as amplicon or
agent contamination and PCR inhibitors (Petersen and
McMillan 2002). Cartridges are preloaded with lyophi-
lized PCR reagents in bead form that target specific
organism(s) and are designed for single-use purposes. In
addition, each of the four sites is operated and controlled
independently, allowing for the use of four different sam-
ple-processing and thermal-cycling protocols.

The GeneXpert® extraction procedure incorporates a
membrane where cells are separated from the sample
matrix, concentrated and washed to remove inhibitors.
Sonication, integrating ultrasonic energy and glass
beads, mechanically lyses the retained cells. The purified
nucleic acid is then combined with PCR amplification
reagents and delivered to the reaction chamber of the
cycling tube (Petersen and McMillan 2002). Each site
contains an I-CORE (intelligent cooling/heating optical
reaction) module for thermal cycling and real-time
detection of PCR amplicons (GeneXpert® Operator
manual, Cepheid, Sunnyvale, CA, USA). The I-CORE
optical system allows for excitation and detection of
four different spectral bands, so up to four targets can
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be detected simultaneously in a single reaction tube
(Petersen and McMillan 2002).

The focus of this investigation was to determine the
limit of detection (LOD) of the GeneXpert® system for
Bacillus anthracis Ames spores spiked into aqueous air
collection samples taken from various sites that are
known to be negative for the presence of B. anthracis.
The lyophilized PCR reagents used for this study were
designed to identify the B. anthracis pXOl and pXO2
plasmids, which encode protective antigen and capsule
genes, respectively. With the incorporation of internal
controls for PCR inhibition (IPC) and sample processing
(SPC), the findings of this investigation were designed to
demonstrate the capability of the GeneXpert® automated
platform to provide a rapid and reliable method for
detecting B. anthracis.

Materials and methods

Bacillus preparation

Bacillus strains were obtained from culture collections
maintained at the United States Army Medical Research
Institute of Infectious Diseases (USAMRIID, Frederick,
MD, USA). Before sample processing, B. anthracis Ames
and Sterne spores were washed to remove extraneous
DNA using a proprietary method developed by Cepheid.
Washed spores from each stock suspension were enumer-
ated by plating tenfold dilutions in duplicate on sheep
blood agar (SBA) (Remel, Lenexa, KS, USA) and incuba-
ted at 35°C for 24 h.

Comparison of CFU enumeration and spore counts

The relationship between colony forming units (CFU)
and spore counts was determined from the stock of
B. anthracis Ames washed spores used in this study. Spore
counts were determined using a Petroff-Hauser chamber
and CFU titres were established by plating on SBA as pre-
viously described.

Limit of detection for Bacillus anthracis Ames spores
using the GeneXpert®

Liquid eluates from multiple air sampling systems were
combined to provide sufficient volume for the dilutions
performed in this study as well as to normalize the effects
of potential PCR inhibitors that may be present in the
eluates across all tested samples. Aliquots (1 ml) of
B. anthracis Ames spores were diluted in combined air
collection eluates (9 ml) with concentrations ranging
from 83 x 10* to 127 x 10" CFU per ml. The diluted
spores were counted by plating on SBA as described
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previously to determine CFU per millilitre of extracted
sample. A volume of 1 ml of each dilution was added to
the cartridges as sample, and four replicates of each con-
centration were analysed. Bacillus anthracis Ames samples
were tested using multiplexed assays for pXO1 (accession
number: M22589-1), pXO2 (accession number: M24150),
IPC (Hartman et al. 2004) and SPC. All GeneXpert® pro-
tocols were provided by Cepheid.

Cross-reactivity

Seven additional stocks of Bacillus (B. anthracis Pasteur,
B. anthracis Sterne, B. anthracis Vollum, B. cereus mycoides
NRS 936, B. subtilis Niger, B. thuringiensis Los Alamos,
B. thuringiensis NCTC 4041) were prepared and washed to
remove extraneous DNA utilizing the Cepheid protocol.
Stock suspensions of washed spores were enumerated by
plating tenfold dilutions in duplicate on SBA as previously
described. High (1 x 10° to 1 x 10* CFU per ml) and low
(1 x10° to 1 x 10> CFU per ml) concentrations of each
spore stock were made in water. Test samples were pre-
pared by spiking 900 ul of clean air sampler buffer (phos-
phate-buffered saline and triton X-100) with 100 ul of the
high and low dilutions. The bacterial spore preparations
were randomized with ten negative control samples and
tested using the four-plex cartridges as described above.

Limit of detection for Bacillus anthracis Sterne spores

Tenfold serial dilutions of washed B. anthracis Sterne
spores, beginning with approx. 1 x 10° CFU per ml, were
prepared in molecular biology grade water (Eppendorf,
Westbury, NY, USA). In triplicate, 10 ul of each dilution
was spiked into 510 ul of clean air sampler buffer and the
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entire volume was processed using the GeneXpert® with
a cartridge targeting only the pXO1 plasmid. Comparison
reactions were performed by spiking 10 ul of each dilu-
tion described above into 510 ul of clean air sampler
buffer. From each dilution, 10 ul was analysed on the
SmartCycler® in a 25-ul PCR reaction in duplicate with-
out further processing.

Results

Comparison of CFU enumeration and spore counts

To ensure an accurate LOD, B. anthracis Ames spores
were enumerated throughout the study by plating on SBA
(CFU count). Initial characterization of the spore stock
included plate counts in addition to determination of
spore numbers using a Petroff-Hauser counting chamber.
Bacillus anthracis Ames CFU counts were 46:0% of the
actual spore numbers obtained using the Petroff-Hauser
chamber. In the stock used for this investigation, 80% of
the spores were refractive and a small number of clumps
were observed, which is common in spore preparations.
Because of these factors, the reduced CFU determinations
were consistent with the condition of the spore stock.
Final B. anthracis Ames spore calculations were obtained
by multiplying the CFU count by a factor of 2:17 based
on the ratio of spore numbers to CFU.

Limit of detection for Bacillus anthracis Ames spores
using the GeneXpert®

The LOD for the pXOl and pXO2 assays was 68 CFU
per ml, which converts to 148 spores per ml (Figs 1 and
2). At the next lower dilution (49 spores per ml), two of
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the four tests were positive (reached an adequate end-
point fluorescence threshold as determined by the soft-
ware) for pXO1l and pXO2 (Figs 1 and 2). In addition,
SPC results provided positive curves indicating that the
sample processing method was working efficiently. When
a spore concentration of 211 870 spores per ml was
reached, competition for reagents occurred as a result of
the high concentration of the sample, and SPC results
were negative (data not shown). Further, inhibition con-
trols indicated that there were no PCR inhibitors present
based on the production of positive curves. Again, at a
concentration of 211 870 spores per ml the sample
caused a competition for reagents, and curves were negat-
ive (data not shown).

Cross-reactivity

There was no evidence of cross-reactivity with similarly
related bacterial species (Table 1). In addition, the ten
negative sample controls were not detected, indicating
that no system cross-contamination occurred (Table 1).

Limit of detection for Bacillus anthracis Sterne spores

The LOD for the pXO1 assay determined using the Gen-
eXpert® was approx. 1 X 10° CFU per ml (three positive
replicates). At a dilution of approx. 1 x 10* CFU per ml,
one of the three replicates was positive. For the dilutions
tested using the SmartCycler® without sample processing,
an LOD of 1 x 10° CFU per ml was achieved.

Discussion

Although recent advances in rapid and sensitive PCR
procedures have been developed, there is a lack of fully
automated methods for extracting and detecting micro-

(LIZ EP) values are depicted using lines.

Table 1 Cross-reactivity of Bacillus spores

Colony forming

Bacterial strain units per millilitre pXO1 pX02
B. anthracis Ames 52 x 10% POS POS
52 x 10 POS POS
B. anthracis Pasteur 86 x 10% NEG POS
86 x 102 NEG POS
B. anthracis Sterne 2:8 x 10* POS NEG
2:8x 10° POS NEG
B. anthracis Vollum 94 % 10* POS POS
94 x 10% POS POS
B. cereus mycoides NRS 936 4-8 x 10* NEG NEG
48 x 10° NEG NEG
B. subtilis Niger 11 % 10° NEG NEG
11 x 10° NEG NEG
B. thuringiensis Los Alamos 2:5 % 10% NEG NEG
25 x 107 NEG NEG
B. thuringiensis NCTC 4041 40 x 10* NEG NEG
40 x 10° NEG NEG
Negative sample controls 0 NEG NEG

organisms. Automated instruments for sample processing
and real-time PCR have numerous advantages when com-
pared with manual methodologies. A decrease in prepar-
ation time is obtained, manual labour is reduced and
human error, such as pipetting discrepancies and sample
exchange, is eliminated (Smit et al. 2000). Integrated plat-
forms must include an effective method for sample pro-
cessing, incorporating an efficient lysis mechanism to
purify nucleic acid as well as steps to remove inhibitors,
in addition to containing stable PCR reagents that can
accommodate the direct transfer of nucleic acid into the
reaction (Petersen and McMillan 2002; Bailey et al. 2003).

The GeneXpert® contains glass beads within the cart-
ridge that mechanically lyse organisms, including spores,
when subjected to ultrasonic power. Previous studies
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identified sonication as an effective method to rapidly
disrupt bacterial spores for real-time PCR assays (Belgrad-
er etal 1999). Sonication improved the LOD by a
decrease of three logs, reduced detection time and
increased signal amplitude (Belgrader et al. 1999). The
results of this investigation support those findings. The
LOD for B. anthracis Sterne spores was decreased by three
logs when comparing the GeneXpert® (1 x 10> CFU
per ml) results to those of the SmartCycler® (1 x 10°
CFU per ml). The LOD for Sterne spores using the
GeneXpert® is increased over that for Ames spores
because of the fact that the Sterne spores were tested
using an earlier cartridge that was later improved to the
four-plex design. However, the benefit of incorporating
sample processing into the overall detection method was
clearly depicted and it was not necessary to reproduce the
trend with the four-plex cartridge. Petroff-Hauser cell
counts were not performed for the Sterne study compar-
ing the GeneXpert® to the SmartCycler®. Identical dilu-
tions were used for each system allowing for direct
assessment between samples. Exact spore counts were not
necessary, as the evaluation of these two platforms was
designed to show the benefit of using an integrated sys-
tem capable of sample preparation and real-time PCR
analysis over direct PCR analysis of a raw sample.

A concern with implementing automated systems that
extract nucleic acid is the potential for cross-contamin-
ation of negative samples as a result of aerosolization or
robotic error (Bailey et al. 2003; Knepp et al. 2003). All
liquid handling by the GeneXpert®, for both sample
preparation and amplification, occurs within the dispo-
sable cartridge, which prevents fluid cross-contamin-
ation. The closed system also reduces the risk of
operator exposure to pathogenic organisms with the
added benefit of a small overall instrument size that can
be used within a biosafety cabinet. Results from this
study show that the GeneXpert® can successfully extract
and detect DNA from Bacillus spores without any cross-
contamination. The ten negative samples included in the
cross-reactivity study were randomly distributed among
a set of Bacillus spore dilutions and there were no false
positive results. In addition, the PCR reactions for
detecting the virulence plasmids revealed curves for
pXO1 in B. anthracis Ames, B. anthracis Sterne and B.
anthracis Vollum, and for pXO2 in B. anthracis Ames,
B. anthracis Pasteur and B. anthracis Vollum, as expec-
ted. All other Bacillus species produced negative results,
further demonstrating the lack of sample cross-contami-
nation. The organisms chosen to be included in the near
neighbour panel were a small subset of 91 Bacillus spe-
cies tested using the pXO1 and pXO2 assays incorpor-
ated into the GeneXpert® cartridges evaluated in this
study (Christensen et al. 2006).

Automated biological agent diagnostics

Besides reduction of specimen contamination, the
extraction efficiency must be maintained for an automa-
ted platform to be successful (Exner and Lewinski 2003).
In this study, the LOD for the pXO1l and pXO2 assays
for B. anthracis Ames spores was 148 spores per ml
(68 CFU per ml). Each of the four replicates was repro-
ducible providing similar cycle threshold (Ct) and end-
point fluorescence values. Furthermore, the LOD
obtained with the GeneXpert® for B. anthracis Ames
spores was consistent with the LOD previously observed
for both B. anthracis Ames and B. anthracis Sterne spores,
which were tested in separate cartridges targeting either
pXO1 or pXO2 (data not shown).

An additional benefit of the GeneXpert® is the capabil-
ity for simultaneous detection of up to four targets in real
time. The detection block was designed with four photode-
tectors containing several filters to capture signal data in
separate spectral bands (Petersen and McMillan 2002). The
cartridges used in this study were designed to detect pXO1
and pXO2 targets, an IPC to monitor PCR inhibitors that
may cause false negative reactions (Hartman et al. 2004)
and an SPC to verify whether sample processing within the
cartridge worked properly. The SPC portion of the cart-
ridge consists of a bead containing a micro-organism
requiring sonication for cellular lysis. Within the cartridge,
the SPC is mixed into and processed along with the experi-
mental sample to be detected by real-time PCR. In this
study, all controls (IPC and SPC) produced positive curves
with consistent Cy values up to a sample spore concentra-
tion of 211 870 spores per ml. At this point, competition
for reagents occurred as a result of the high concentration
of the sample, and the curves for the two controls were
negative. This result is due to a specific design and optimi-
zation of the controls to prevent competition with the
agent-specific target assays. Therefore, high concentrations
of B. anthracis spores produced negative SPC and IPC
results. The failure of these controls is only critical when
the target assays (pXOl and pXO2) are negative. When
negative results were found for pXO1 and pXO2, the SPC
and IPC controls produced positive curves indicating the
fact that the instrument was functioning optimally.

Several factors are important for PCR detection of speci-
fic target micro-organisms and include the availability of
DNA from difficult-to-lyse cells (gram-positive vs gram-
negative); the purity of the DNA from contaminants,
which the GeneXpert® design addresses by incorporating
a filter to concentrate cells and wash away inhibitors; and
the condition of the extracted nucleic acid (Kuske et al.
1998). In addition, an automated system should provide
rapid, efficient and reproducible results (Exner and Lewin-
ski 2003). A platform such as the GeneXpert® requires
minimal user input which reduces the probability of
human processing errors, shortens the procedure time with
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integration of nucleic acid extraction and real-time PCR
and lessens the potential for cross-contamination. Further,
the GeneXpert® is undergoing advanced development and
testing for cartridges suitable to process more complex
matrices such as whole blood. In a recent study, Raja et al.
(2005) demonstrated the capability of the GeneXpert® to
isolate RNA and analyse gene targets for lymph nodes
from melanoma, breast cancer and lung cancer patients as
well as analysis of melanoma metastatic to the lung, pri-
mary lung adenocarcinoma and healthy lung tissue. The
expanding capability of the GeneXpert® is demonstrated
by the RNA work performed in that study as well as the
DNA testing described in this manuscript. Further devel-
opment will only improve the potential uses for this
instrument, especially considering the fact that there are
no other platforms available that incorporate both sample
processing and real-time PCR detection in one system.
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